A series of butadiene derivatives with m-(alkyl)terphenyl substituents at 2,3-position is synthesized and used for anionic living polymerizations. The controllabilities of the polymerizations of these monomers depend on solvent, temperature, and the alkyl groups on the terphenyl rings. In tetrahydrofuran (THF), the polymerization does not occur or proceeds very slowly at −78 °C. In toluene or cyclohexane, the polymerization proceeds smoothly in the presence of a small amount of THF at 40 °C. Monomer with n-butyl substituents on the phenyl ring undergoes polymerization in a wellcontrolled manner in hydrocarbon solvent with or without THF additive. The resulting narrow disperse polybutadiene derivatives are characterized by using size exclusion chromatography, nuclear magnetic resonance spectroscopy, and ultraviolet spectroscopy. It is found that the polymer chains are formed almost exclusively by 1,4-addition. The precursor polymers are converted into polyacetylenes with head-tohead regiospecificity by oxidative dehydrogenation using 2,3-dichloro-5,6-dicyano-1,4-benzoquinone.
Introduction
Anionic polymerizations of substituted 1,3-butadienes afford polymers with potential applications as functional elastomers as well as precursors for optoelectronic materials. By rational design of butadiene monomers, it is also possible to prepare model polymers with well-controlled microstructures. Both monosubstituted and disubstituted butadienes were reported in the literature. A number of 2-substituted-1,3-butadienes possessing alkyl, aryl, dialkylaminomethyl, silyl, and N,N-dialkylamide substituents were synthesized and subjected to anionic trans-1,4-units. [15] Recently, Li and He reported the anionic polymerization of three kinds of 1,3-disubstituted butadienes in THF and cyclohexane (CHX), or the mixture of THF/CHX, utilizing sec-BuLi as the initiator. It was observed that the substituents had a remarkable effect on the microstructures of the resulting polymers. For example, 2-isopropyl-4-phenyl-1,3-butadiene led to almost 100% 1,4-addition mode during the polymerization, while both 2-methyl-4-phenyl-1,3-butadiene and 2-methyl-4-(4′-alkoxyl)phenyl-1,3-butadiene resulted in concurrence of 1,2-and 1,4-addition. [16] A specific disubstituted butadiene, 2,3-diphenyl-1,3-butadiene (DPh-Bd), showed very unique behavior of anionic polymerization. When the polymerization was conducted in THF at −78 °C, the obtained polymers were composed of almost exclusive 1,4-addition mainly in cis configuration. However, the product exhibited poor solubility, possibly due to crystallization of polymer chains caused by the stereoregularity. [17] Under this condition, the living anion was not able to initiate the polymerization of styrene, whereas living polystyrenyl anion was capable of initiating polymerization of DPh-Bd. Therefore, the polymerization sequence is selective in preparation of block copolymer polystyrene-b-poly(DPh-Bd). The solubility of poly(DPh-Bd) was greatly improved when the anionic polymerization was performed in cyclohexane in the presence of a small amount of THF at 40 °C. [18] The reason for the increase in solubility could be ascribed to the stereoirregularity of the main chain due to coexistence of cis 1,4-and trans 1,4-configurations. Under this condition, the cross-initiation between poly(DPh-Bd) anion and styrene, and vice versa, went smoothly to give block copolymer polystyrene-b-poly(DPh-Bd). After hydrogenation of the residual double bond, the segment of poly(DPh-Bd) can be regarded as equivalent to polystyrene with head-to-head (H-H) regiospecificity, thus forming a diblock polystyrene with different regiospecificities between two blocks, a regioblock copolymer. It is also effective to improve the solubility by attaching alkyl groups to the phenyl rings of DPh-Bd. Zhang et al. reported the living anionic polymerization of a series of 2,3-dialkylphenyl-1,3-butadienes in different solvents, i.e., CHX, THF, or mixture of CHX/ THF. The results revealed that the rate of polymerization was slow in cyclohexane at 40 °C, yet the polymerization was well controlled. [19] Addition of trace amount of THF could substantially improve the polymerization rate while maintaining the controllability to high monomer conversion. The products contained almost exclusive 1,4-enchainment and thus were convertible into regiospecific polyacetylenes via oxidative dehydrogenation with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ).
In the present study, we synthesize three novel types of disubstituted butadienes, namely 2,3-diterphenyl-1,3-butadiene (DTP-Bd), di(tert-butyl)-terphenyl-1,3-butadiene (DtBuTP-Bd), and di(n-butyl)terphenyl-1,3-butadiene (DnBuTP-Bd), and investigate their behavior of anionic polymerization under different reaction conditions. The obtained polymerization products are used for dehydrogenation to make substituted polyacetylene with head-to-head regiospecificity. The motivation is to inspect the effect of relatively larger conjugated side group, m-terphenyl, on the anionic polymerizabilities of 1,3-butadiene derivatives. Furthermore, on basis of successful anionic polymerization and dehydrogenation, the effect of m-terphenyl group on the properties of conjugated substituted polyacetylene will also be investigated by UV-vis and fluorescence spectroscopy (FLS).
Experimental Section

Materials
n-Butylbenzene (Aldrich, 2.5 m solution in hexane) was used as received. sec-Butyllithium (s-BuLi, Acros, 1.3 m solution in cyclohexane/hexane) was titrated before use. 4-Aminoacetophenone (J&K, 99%), bromine (Br 2 , J&K, >99%), sodium nitrite (J&K, >98%), phenylboronic acid (J&K, 97%), 4-tert-butylphenylboronic acid (J&K, 98%), 4-n-butylphenylboronic acid (J&K, 98%), triphenyl phosphite (J&K, >97%), triethylamine (J&K, 99%), tetrakis(triphenylphosphine) palladium (Pd(PPh 3 ) 4 , J&K, >99%), indium (Macklin, >99.9%), lithium chloride (J&K, 99%), and DDQ (98%) were used as received. CHX and THF were passed through a column of Al 2 O 3 prior to use. Unless otherwise noted, all other reagents were of analytical grade and were used without purification.
Characterization
Gel permeation chromatography (GPC) analysis was performed on a Waters system equipped with a guard column and three TSK columns (Gel H-type, pore size 15, 30, and 200 Å) in series, a Waters 410 RI detector, using THF as the mobile phase at a flow rate of 1 mL min −1 at 35 °C. Number average molecular weight (M n ), weight average molecular weight (M w ), and molecular weight distribution (M w /M n ) of the resulting polymers were measured based on calibration with narrow polystyrene standard. 1 H NMR and 13 C NMR spectra were recorded on a Bruker (400 MHz) NMR instrument, using CDCl 3 as the solvent and tetramethylsilane as an internal reference. UV-vis spectra were recorded on a Spectrophotometer Lambda 750 (PerkinElmer). Steady-state fluorescence spectra of the samples were recorded on an Edinburgh Instruments 920 spectrometer operating at 25 °C. Differential scanning calorimeter (TA Q2000) was conducted on a TA Instruments Q2000 from ambient temperature to 220 °C with a heating and cooling rate of 10 °C min −1 under nitrogen atmosphere. Thermogravimetric analysis (TGA, TA Q5000) was carried out under nitrogen atmosphere from ambient temperature to 700 °C at a heating rate of 10 °C min −1 . Raman spectra was performed on a LabRAM XploRA laser Raman spectrometer (Horiba) at room temperature. The wavelength of the laser used for Raman spectroscopy was 532 nm. The matrix-assisted laser (3 of 10) 1700080 desorption/ionization time-of-flight mass spectrum (MALDI-TOF MS) was obtained from a Voyager DE-STR mass spectrometer equipped with a 337 nm nitrogen laser. A polymer solution (4 µL, 10 mg mL −1 in THF), trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene] malononitrile (20 µL, 20 mg mL −1 in THF) as the matrix, and silver trifluoroacetate (2 µL, 10 mg mL −1 in THF) as the ionizing agent were mixed, and then 0.25 µL of the mixed solution was dropped onto the plate and dried at room temperature. Mass spectra were obtained by a reflector mode using an acceleration voltage of 20 kV with an appropriate laser power and generally 1000 pulses were averaged. in HCl (4 wt%, 360 mL), Br 2 (9.5 mL, 0.37 mmol) was added dropwise at 50 °C under a nitrogen atmosphere. After this addition, the resulting mixture was maintained at the same temperature for a further 2 h. The brown precipitates were collected, washed with a 1 m solution of Na 2 S 2 O 3 and distilled water three times, and dried in vacuum at 50 °C to give 2,3-di(m-terphenyl)-1,3-butadiene as slightly brown solid. Yield: 41.1 g (78%). 
Synthesis of
Synthesis of 3,5-Dibromoacetophenone
To a solution of 4-amino-3,5-dibromoacetophenone (10.0 g, 34 mmol) in benzene (30 mL) and ethanol (160 mL), concentrated sulfuric acid (14.6 mL) was added gradually at 50 °C under a nitrogen atmosphere. The reaction mixture was refluxed for 6 h and then cooled to 0 °C, a solution of sodium nitrite (1 g mL −1 , 8.6 mL) in water was added gradually, and then copper powder was added. The reaction mixture was refluxed for 12 h. After cooling to room temperature, the resulting mixture was extracted with dichloromethane (3 × 100 mL). The obtained organic phase was combined, washed with 5 wt% aqueous NaOH solution and brine, and dried over anhydrous MgSO 4 . After the solution was evaporated under vacuum, the residue was purified by column chromatography using benzene as the eluent to give 3,5-dibromoacetophenone as pale yellow needles. Yield: 8.0 g (85%). 1 H NMR (400 MHz, CDCl 3 ): δ = 7.97 (s, 2H), 7.83 (s, 1H), 2.56 (s, 3H).
Synthesis of 3,5-Diphenylacetophenone
Pd(PPh 3 ) 4 (3.5 g, 3.0 mmol), 3,5-dibromoacetophenone (8.5 g, 30.6 mmol), and toluene (100 mL) were mixed under nitrogen atmosphere in a 500 mL three-neck round-bottom flask equipped with a reflux condenser and a nitrogen inlet. Phenylboronic acid (0.1 g mL −1 , 82.0 mL) in ethanol and Na 2 CO 3 (2 m, 50 mL) in water were then added and the reaction mixture was refluxed under nitrogen atmosphere for 24 h. The reaction mixture was poured into 200 mL water and the aqueous phase was extracted using dichloromethane (3 × 100 mL). The organic phases were combined and washed with 1 m NaOH followed by brine, dried over Na 2 SO 4 , and concentrated by rotary evaporation. The crude product was eluted through a silica column with dichloromethane to give 3,5-diphenylacetophenone as slightly yellow solid. Yield: 6.7 g (80%). 1 Triphenyl phosphite (18.5 mL, 70 mmol) was dissolved in anhydrous dichloromethane (200 mL) and cooled to −60 °C under a nitrogen flow, and Br 2 (4 mL, 77 mmol) was then dropped in. The reaction mixture was stirred under a nitrogen stream for 10 min at −60 °C. Subsequently, anyhdrous triethylamine (12 mL, 84 mmol) and 3,5-diphenylacetophenone (17.4 g, 64 mmol) were added. The reaction mixture was stirred for 24 h while warming to room temperature. The crude product was purified by column chromatography on silica gel using petroleum ether as the extraction solvent to afford 5′-(1-bromovinyl)-1,1′:3′,1″-terphenyl as an off-white solid. Yield: 18.8 g (88%). 1 
Synthesis of 2,3-Di(4,4″-di-tert-butyl-1,1′:3′,1″-terphenyl)-1,3-butadiene (DtBuTP-Bd)
The synthesis of DtBuTP-Bd was similar to the synthesis of DTP-Bd except that 4-tert-butylphenylboronic acid was used in the Suzuki cross-coupling reaction. Yield: 25%. 1 
Anionic Polymerization of DnBuTP-Bd
A typical anionic polymerization is given in the following example: A reaction flask containing a magnetic stir was charged with freshly distilled cyclohexane (40 mL), THF (tenfold of Li), and a cyclohexane solution of DnBuTP-Bd (2.0 g, 2.72 mmol). The reaction flask was then heated to 40 °C and s-BuLi (0.2 mL, 1 mmol mL −1 ) was added. The reaction mixture was stirred for a predetermined time period. The polymerization was terminated by degassed methanol and then precipitated three times from toluene into methanol. The resulting polymer, poly(DnBuTPBd), was isolated by filtration and dried in vacuum. Yield: 1.99 g (99%), M n,GPC = 6700 g mol −1 .
The synthesis of poly(DTP-Bd) and poly(DtBuTP-Bd) were similar to the synthesis of poly(DnBuTP-Bd).
Dehydrogenation of Poly(DnBuTP-Bd)
Poly(DnBuTP-Bd) (0.2 g), DDQ (0.25 g, 1.08 mmol), and 5 mL anhydrous toluene were mixed in a Schlenk flask under nitrogen atmosphere. The mixture was degassed by freeze-pump-thaw cycles and thermosetted at 90 °C for 48 h. The resulting polymer was precipitated by pouring the reaction mixture into 200 mL methanol. After drying under vacuum for 48 h, dehydrogenated poly(D(n-Bu)TP-Bd) was obtained as a brown powder. Yield: 0.15 g (75%).
The dehydrogenation of poly(DTP-Bd) and poly(DtBuTP-Bd) was similar to the dehydrogenation of poly(DnBuTP-Bd).
Results and Discussion
Synthesis and Characterization of Monomers
Three kinds of butadiene monomers are synthesized through a five-step procedure, as shown in Scheme 1. These monomers bear terphenyl group at the 2,3-position, with and without alkyl substituents on the phenyl ring, e.g., DTP-Bd, DtBuTP-Bd, DnBuTP-Bd. The attachment of alkyl groups is intended to promote the solubility of polymerization products. The overall yields are fair to good. It should be mentioned that we modified the last step coupling reaction of vinyl bromides by using Pd(PPh 3 ) 4 /indium/LiCl instead of mere Pd(PPh 3 ) 4 , [20] thus the yield of the crosscoupling increased from <5% (using mere Pd(PPh 3 ) 4 ) to 30%. These butadiene derivatives show different solubilities. DTP-Bd and DtBuTP-Bd have low solubility in aliphatic hydrocarbon solvent such as n-hexane, cyclohexane, and petroleum ether, but soluble in aromatic hydrocarbon solvent such as benzene and toluene. DnBuTP-Bd is soluble in all of the above-mentioned solvents (both aliphatic and aromatic). THF can readily dissolve all of the three butadiene derivatives. The chemical structures of the designed monomers were determined by 1 H NMR and the results are provided in Figures S1-S3 (Supporting Information).
Anionic Polymerizations
Anionic polymerizations of the designed monomers were performed in proper solvents in which the monomer is readily dissolved, as shown in Table 1 , using s-BuLi as the initiator. Generally, all of the three monomers resulted in oligomers and low conversions, or even no polymerization, at low temperature when THF was used as the solvent. The low temperature may account for this slow polymerization. Raising the temperature increased the polymerization rate and molecular weight, but caused loss of livingness. In fact, butadiene and its derivatives always give low polymerization rate in THF at low temperature. Substituted butadienes lead to even lower reaction polymerization rate because of the steric hindrance of the substituents. For example, the anionic polymerization of 2,3-dimethylbutadiene reached only 18.9% of monomer conversion at 78 °C for a period of 22 d; [7] anionic polymerization of 2,3-diphenyllbutadiene needs 20 h at 78 °C for complete conversion. [17] We found, nevertheless, that the monomers in the present study can polymerize to high conversion in toluene in the presence of a small amount of THF as the additive, giving products with expected molecular weights and narrow distribution. Upon addition of the initiator, the reaction mixture became dark-red immediately which sustained during the whole process of the polymerization. The color quickly faded away at the end of polymerization when methanol was added. It is worth to mention that DnBuTP-Bd gave complete conversion in pure cyclohexane or toluene with or without THF additive, Anionic polymerization of designed monomers were carried out using sec-BuLi as the initiator; b)
TOL: Toluene; CHX: cyclohexane.
while DTP-Bd and DtBuTP-Bd went to high conversion only in toluene with THF additive. These phenomena and results indicate that the polymerizabilities of the m-terphenyl substituted 1,3-butadiene derivatives depend on three factors, e.g., the polymerization temperature, the solubility of the products, and the presence of polar additives. Higher to mild temperature, higher solubility, and the presence of additive increase the polymerization rate while keeping narrow molecular weight distribution. Notably, the role of THF is to increase the polarity of the reaction media, thus favoring dissociation of the ionic species and increasing the polymerization rate.
As an example, the polymerization results of DnBuTP-Bd were given in Figures 1-4 . The GPC curve in Figure 1a shows a narrow unimodal peak, with M w /M n = 1.09. MALDI-TOF MS spectrum in Figure 2 shows a single symmetrical series of peaks, with the interval between two successive peaks corresponding to the molar mass of the repeat unit, 735.2. The average molecular weight measured by MALDI-TOF MS (M n,MS = 10 277 g mol −1 ) is close to the theoretical value (= 9900 g mol −1 ) while remarkably higher than that measured by GPC (M n,GPC = 6700 g mol −1 ) in which polystyrene was used as the calibration standard. Figures 3a and 4a show 1 H and 13 C NMR spectra of poly(DnBuTPBd), respectively. The signals between δ = 0.70-1.75 and 2.25-2.70 ppm are assigned to n-butyl side group. There is no signal in the range of δ = 4.0-6.0 ppm in 1 H NMR and δ = 110.0-120.0 ppm in 13 C NMR, indicating the absence of pendent vinylic protons and thus nearly 100% 1,4-enchainment style. The signal of vinylic carbon of the main chain is very weak at ≈130 ppm in Figure 4a , preventing clear assignment of cis or trans configuration. It is noticed, however, that the alkyl signals are singlet (k, l, m, and n), suggesting a pure configuration of the double bond of the main chain. If otherwise the cis and trans configuration coexist for the double bond, the difference of chemical shift of the alkyl side group will be discernable for two configurations. [19] Considering the steric repulsion between the two adjacent bulky substituents, it is reasonable to assume that the substituted polybutadiene adopt nearly 100% trans-1,4-microstructure.
The polymerization results are summarized in Table 1 . The other two monomers, i.e., DTP-Bd and DtBuTP-Bd, give similar results as shown in Figures 5-7 . The microstuctures of poly(DTP-Bd) and poly(DtBuTP-Bd) as revealed by NMR are predominantly trans-1,4 connection. It should be noted that the poor solubility of poly(DTP-Bd) makes it difficult to obtain 13 
Transformation of Precursor Polymers into Head-to-Head Type Polyacetylenes by Dehydrogenation
The polymerization products of 2,3-disubstituted 1,3-butadienes contain, in each repeat unit, a large conjugated system in which the residual double bond bridges the two m-terphenyl groups. There are allylic protons adjacent to the double bond in the main chain, which may be eliminated to form all conjugated main chain. Therefore, we carried out dehydrogenation by using DDQ as the oxidative agent at 90 °C in toluene (Scheme 2). All the dehydrogenated products were obtained as dark brown powders after precipitation in methanol (Supporting Information). Dehydrogenated products of poly(DTP-Bd)) were partly soluble in THF but insoluble in hydrocarbon solvents, while that of poly(DtBuTP-Bd) and poly(DnBuTP-Bd) exhibited good solubility in common organic solvents, such as toluene, CH 2 Cl 2 , and THF. As an example, the characterization results of the dehydrogenation product of poly(DnBuTP-Bd) are presented in Figures 1,3 , and 4. From GPC results in Figure 1 , it is obvious that the product after dehydrogenation gave a very broad profile that shifts to larger molecular weight region, in sharp contrast to the narrow peak of the precursor. This phenomenon was also observed previously in dehydrogenation of precursors made from 2,3-dialkylphenyl-1,3-butadienes. The reason for this broadening effect can be quite complex, but should include the following contributing factors. First, the hydrodynamic volume increased after dehydrogenation due to the rigidity of the conjugated backbone; Second, the conjugated product may exhibit intermolecular aggregation through π-π stacking. These two factors increase the apparent molecular weight of the dehydrogenated product. On the other hand, dehydrogenated products from precursors poly(DTP-Bd) and poly(DtBuTP-Bd) show broader GPC curves with tailing effect on both sides of the profiles (Supporting Information). Therefore, one can also suppose chain scission during the oxidation reaction starting with the successive abstraction of a hydrogen radical and electron transfer at allylic position to produce a carbonium ion which cause carbon-carbon cleavage through an ionic mechanism. [21] Possible adsorption of the conjugated product by the packing material of GPC columns may also contribute to the tailing effect of GPC chromatogram. We tried to measure MALDI-TOF MS of the dehydrogenated polymers using various matrices but did not get well-resolved spectra. This could be attributed to a number of factors, including very possible aggregation of conjugated polymers and the complex interaction of the ionization salt with the large conjugated system of main chain and terphenyl side groups. Figure 3 shows 1 H NMR spectra before and after dehydrogenation of poly(DnBuTP-Bd). It can be seen that the signals of main-chain allylic methylene (2.0 ppm) disappear after dehydrogenation. The signal of the resulting olefinic protons overlaps with those of aromatic protons, leading to a broad band in the range of δ = 6.5-8.0 ppm. 13 C NMR spectrum of the same sample in Figure 4 shows that methylene signals (a) near 30.0 ppm completely disappear, indicating complete conversion of dehydrogenation.
The UV-vis spectra of the monomer DnBuTP-Bd, the precursor poly(DnBuTP-Bd), and the corresponding dehydrogenated product are shown in Figure 8 . While the former two display very similar absorption band, the dehydrogenated product results in a broader band extending to longer wavelength up to 550 nm, which originated from π-π* electronic transitions of all conjugated backbone after dehydrogenation. Figure 9 shows the emission spectra of poly(DnBuTP-Bd) in THF at ambient temperature. An intense emission is observed at 405 nm (λ excitation = 255 nm), which is assignable to the large conjugated stilbene-like structure in the main chain. [22, 23] Nevertheless, after dehydrogenation, the product showed almost no fluorescence emission, indicative self-quenching due to the aggregation of polymer chain in THF. The other two dehydrogenated products gave similar results.
The above results demonstrate that the dehydrogenation of the precursor have led to the formation of a (9 of 10) 1700080 Figure 7. 13 C NMR spectra of a) poly(DtBuTP-Bd) and b) dehydrogenated poly(DtBuTPBd) in CDCl 3 .
Macromol. Chem. Phys. , , 1700080 conjugated backbone which is equivalent to that of polyacetylene. Taking into account that the two substituents are attached to two adjacent carbons, the resulting dehydrogenation can be regarded as substituted polyacetylene with H-H regiospecificity. Previously, similar strategy was proved to be successful to prepare substituted poly acetylenes with alkylphenyl substituents at 2,3-position. [19, 24, 25] The thermal stabilities of the precursor polymers and the corresponding H-H polyacetylenes were investigated using TGA under nitrogen atmosphere. As shown in Figure 10 , the precursors underwent considerable weight loss from 400 to 500 °C, resulting in 5%-15% residue, while the dehydrogenated product gave residues of ≈55% as dark carbonaceous materials. It is noteworthy that the polyacetylenes shows two steps of weight loss at 270 and 407 °C, the former possibly due to the presence structural defects (i.e., quinoid structure) formed during the dehydrogenation process, [26, 27] while the latter arising from benzene extrusion during chain cyclization at high temperature. [28] [29] [30] 
Conclusions
Three kinds of 1,3-butadiene derivatives with bis(terphenyl), bis(tert-butylterphenyl), and bis(n-butylterphenyl) substituents, respectively, at the 2,3-position were successfully polymerized using sec-BuLi as the initiator in hydrocarbon solvent (toluene or CHX) in the presence of a small amount of THF. It seems that n-butyl substituents at the phenyl rings of terphenyl group are the most effective to increase the solubility of both monomer and polymerization product, thus affording most well-controlled polymerization. All of the poly merization products were transformed into substituted poly acetylenes through dehydrogenation by using DDQ. Again n-butyl side group exerts highest solubility of the dehydrogenated products. It is worth to point out that, in comparison with 2,3-di(alkyl)phenyl substituted 1,3-butadiene, as previously reported, [19] the monomers used in the present study, with the large conjugate side group, (alkyl)-terphenyl, show less polymerizability under same polymerization conditions in THF due to steric hindrance. Nevertheless, it is very interesting that this steric hindrance can be overcome by subtle adjustment of the solvent property from THF to CHX/THF or toluene/THF, with the aid of proper alkyl substitution on the terphenyl ring. Indeed, the anionic polymerization of DnBuTP-Bd with n-butyl group proceeds in a well-controlled manner in terms of polymerization rate, molecular weight, molecular weight distribution, as well as the microstructure of the products.
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